Because dopaminergic innervation of hippocampal Introduction neurons in vivo originates in the ventral tegmental area, a region of the brain not included in our culture system, Dopamine is an important modulator of neuronal funcwe first characterized the presence and distribution of tion, critically involved in such diverse behavioral phethe D1 and D5 dopamine receptors in cultured hipponomena as motivation, addiction, Parkinson's disease, campal neurons. As determined by immunofluoresand schizophrenia. While the effects of dopamine in adcence labeling, both D1 and D5 dopamine receptors diction and pathology have been the focus of intense are expressed at moderate levels in the soma and proinvestigation, the mechanisms underlying the dopacesses of mature cultured neurons ( Figure 1A ). Beminergic modulation of glutamatergic synaptic plasticcause the D1 monoclonal antibody that we used recogity are poorly understood. Recent experiments implinizes an extracellular epitope of the D1 receptor, we cate the dopaminergic pathway in a variety of learning were able to examine selectively the surface population and memory tasks, including spatial memory in rats of D1 receptors. There was a significant surface pop- 
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We next examined whether a dopamine agonist can alter the population of receptors on the cell surface at synthesis of GluR1 protein detected by 35 S labeling and immunoprecipitation of total GluR1 from cultured hipsynaptic sites. Using an antibody that recognizes the GluR1 extracellular domain, we conducted live immupocampal neuron lysates. Indeed, we found that a brief exposure to DHX resulted in a significant increase in nolabeling for surface GluR1 ( Figures 7A and 7B, green) . To determine the location of surface-expressed GluR1 GluR1 levels relative to untreated controls detected 30 min after agonist onset ( Figures 6A and 6B) . In indivirelative to synaptic sites, presynaptic compartments were labeled with an anti-synaptophysin antibody (Figdual experiments, we observed an 8%-22% increase in GluR1 levels following D1/D5 receptor activation ures 7A and 7B, red). Neurons briefly exposed to DHX showed a large, anisomycin-sensitive increase in sur- (Figures 6A and 6B) . We also examined whether a DHX- Table 1 ). This increase was evident in both the number and average size of GluR1 puncta detected vealed that DHX treatment also significantly increased the colocalization of the surface pool of GluR1 and synon the surface; the average intensity of GluR1 puncta was reduced, although this difference failed to reach aptophysin ( Figures 7A-7C) . Importantly, the observed increase in colocalization cannot be attributed to a destatistical significance (Table 1 ). The DHX-stimulated increase in GluR1 was accompanied by an increase in crease in the number of synaptophysin puncta ( Figure  7C ). Both the increased surface GluR1 expression and the overlap of GluR1-positive puncta with synaptophysin ( Figures 7A-7C) . To analyze the overlap, the number the increased synaptic localization were prevented by anisomycin ( Figures 7A-7C ), indicating that new protein of colocalized (GluR1 and synaptophysin) particles was divided by the total number of synaptophysin particles; synthesis is required for these changes. Given the increase in the total and synaptic GluR1 mycin. These data are consistent with dopamine activating local protein synthesis to increase the occupopulation, we next examined the effects of dopamine agonists on synaptic transmission. To monitor synaptic pancy of previously "silent" receptor sites with GluR1-containing AMPA receptors. strength before and after exposure to a dopamine agonist, we recorded miniature excitatory postsynaptic Is dopamine receptor activity sufficient for the changes we have described? Given the direct, physical currents ( 
Changes in Surface GluR1-Conversion of Postsynaptically Silent Synapses? We also observed a protein synthesis-dependent increase in GluR1 detected on the plasma membrane of pyramidal neurons, which has been previously described in cultured medium spiny neurons and interneurons of the nucleus accumbens (Chao et al., 2002; Mangiavacchi and Wolf, 2004). The increased surface
GluR1 included both an increase in the number of surface GluR1 puncta detected, as well as an increase in the average size of the surface puncta. The average intensity of the puncta was not significantly changed. The increase in surface GluR1 resulted in a greater colocalization of the GluR1 population with a synaptic marker and with surface-labeled NR1. The increase in the number of GluR1 puncta together with the decreased number of NR1-only sites fits well with the observed increase in mini frequency. We were surprised that the increase in GluR1 puncta size was not accompanied by an increase in mini amplitude. It is possible that the increase in puncta size may be due to a spreading of GluR1 patches, rather than a physiologically meaningful increase in receptor number at preexisting sites. The small decrease in average GluR1 inten- . We found that NMDA receptor activity is required for the (protein synthesisof which contribute to a postsynaptically driven increase in mini frequency. It is possible that the obdependent) DHX-induced increases in both surface GluR and mini frequency. It is worth noting that the served effects are due, at least in part, to the dopamine-stimulated increases in surface GluRs. While the NMDA receptor activity required in our experiments must arise from spontaneous neurotransmitter release. previous study (Bouron and Reuter, 1999) attributed the increase in mini frequency to enhanced glutamate reIn considering the diffuse and long-lasting nature of physiologically released dopamine signals in the brain, lease, the pre-versus postsynaptic locus of the effect was not characterized. In contrast, our observation that the requirement for NMDA receptor activity suggests the possibility that only active, potentially NMDAR-only, inclusion of a membrane-impermeant PKA inhibitor in the (postsynaptic) recording pipette blocks the DHXsynapses will exhibit the dopamine-elicited changes in GluR expression and synaptic strength. induced increase in mini frequency supports the idea that dopamine increases mini frequency through a postsynaptic mechanism. We recently reported (Sutton Implications for Synaptic Plasticity Our data provide a potential cellular mechanism for the et al., 2004) that minis themselves can regulate local protein synthesis. The dopamine agonist-induced increase dopaminergic modulation of long-lasting plasticity at hippocampal synapses. Others have reported that doin mini frequency described here is predicted to inhibit for 15 min in the presence of F2P at 37°C. Free F2P was washed standard error for all dendrites in a given experimental condition out with 4 × 2 ml of HBS before neurons were fixed for fluorescence was plotted. 3D colocalization and particle analysis was performed microscopy. Local perfusion experiments were done for 15-20 min using custom-written functions in Matlab. Of particular concern in without preloading the neurons with F2P. Flow rates were manually such measurements is the issue of selecting appropriate threshold regulated using syringes attached to patch pipettes. There was no values to isolate the punctate data of interest from background significant difference in perfusion spot size between groups (data noise in the raw images. In order to avoid potential biases in selectnot shown). In experiments using anisomycin to inhibit F2P incoring thresholds, we have relied on the "graythresh" command in poration, equimolar concentrations of anisomycin were added to Matlab. This function generates an optimal threshold based on Osthe neurons 30 min before and for the entire duration of the experitu's method, which sets a threshold that minimizes the intraclass ment. Anisomycin or puromycin signficantly reduced the F2P signal variance of the black and white pixels. To further ensure that the in control (unstimulated) neurons by about 65% and completely experimental effects we observed were robust to threshold setabolished the increase in F2P signal observed following stimulation tings, the colocalization and particle analysis was performed with (Figure 4 ). a series of 7 to 11 thresholds, using the output of graythresh as the median threshold value. All reported results were unaffected by 
